Abstract
Introduction
, and a muscle with stiffness K m . 144
The tendon stiffness was approximated by the generic, dimensionless force-strain curve 145
proposed by Zajac (Zajac 1989 ). The muscle stiffness was scaled by muscle force 146 according to Eq. 2, in which F m is the current force generated by the muscle, 0 m l is the 147 optimal muscle fiber length at maximum activation, and γ is a dimensionless constant (23.4) 148 describing the scaling of the short-range stiffness with muscle force (Cui et al. 2008) . 
( )
This transformation is shown in Eqs. considering shoulder flexion/extension and elbow flexion/extension. The orientation of 163 endpoint stiffness was calculated using the method described by Gomi and Osu (1998) . 164 
165
In contrast to the mapping from individual muscle stiffnesses to endpoint stiffness provided 166 by implementing both Eq. 3 and 4, one previous approach to modeling endpoint stiffness 167 has been to consider only the relationship between joint stiffness and endpoint stiffness 168 
The maximum values of 
Mussa-Ivaldi (1990). 181 182

Model-based estimation of stiffness orientation control 183
The achievable range of endpoint stiffness orientations was assessed via simulation to 184 address four distinct questions, described in detail below. In each case, a constrained 185 optimization algorithm solved for the muscle activations that generated the desired 186 endpoint stiffness properties. The first three simulations considered the range of stiffness 187 orientations that could be achieved. Optimization was used to determine the maximum 188 In our first set of simulations, we examined the degree to which the orientation of endpoint 208 stiffness can be controlled by changing muscle activation patterns in postural conditions 209 where there are no forces exerted on the environment. To do so, we calculated the 210 coordination patterns that resulted in zero net moments about the shoulder and elbow and 211 compared the results of these simulations to others performed under a range of constraints 212 that reflect different experimental paradigms described in the literature. For example, the 213 postural studies reported by Gomi and Osu (1998) and Perreault et al. (2002) required 214 postures and muscle activations to be maintained for durations that would elicit fatigue at 215 maximal activation levels. To assess how requiring a sustained level of muscle activity for a 216 relatively long period of time might affect stiffness orientation control, we compared results 217 of simulations in which the maximum activation for each muscle was restricted to levels 218 ranging between 10-100%. Similarly, previous experimental studies evaluating the control 219 of endpoint stiffness have differed regarding whether or not they have required the subjects 220 to support the weight of the arm against gravity (Franklin et al. 2007; Perreault et al. 2002) . 221
To evaluate how requiring voluntary support against gravity influences the control of 222 stiffness orientation, we compared results of simulations in which the influence of gravity 223 was excluded (i.e., zero net moments about the shoulder and elbow) and simulations in 224 which the voluntary shoulder abduction and axial rotation torques required to counter 225 gravity were produced by the muscle activation pattern calculated via the optimization 226 algorithm. The magnitudes of the torques required to counter gravity were estimated 227 assuming typical arm segment masses for an average American adult male (86 kg) ( Inward directions were selected since these directions, which require use of the shoulder 241 and elbow flexors, tend to be much stronger than the opposite, outward directions. As such, 242 they are expected to have a greater influence on the ability to regulate stiffness orientation 243 since the generation of these inward forces (when scaled to the maximum achievable force) 244 requires more of the total muscle activation that is available, leaving less activation that can 245 be used to independently control stiffness orientation. to be largest. The third set of simulations allowed posture to vary systematically to 251 determine how stiffness control varies throughout the workspace. Specifically, the shoulder 252 angle was varied from -30° to 90° by increments of 10° and the elbow angle was varied 253 from 0° to 130°, using increments of 10° from 0° to 110° and using increments of 2° from 254 110° to 130°. Smaller increments were used for the elbow angle from 110° to 130° because 255 the controllable range of stiffness orientation varied more quickly for these values. For 256 these simulations, endpoint force was constrained to zero and gravitational torques were not 257 considered. Achievable muscle activation levels were set to 100% of the maximum. While the previous simulations focused on the ability to regulate the orientation of 273 maximum stiffness, it is important to remember that this may not be the most effective way 274 to reject perturbations in a particular direction. Rather, due to the constraints on the 275 biomechanical system, the maximum stiffness that can be achieved in any particular 276 direction may not correspond to the stiffness that can be achieved when the endpoint 277 stiffness ellipse is oriented in that same direction. To evaluate this possibility, we also 278 optimized stiffness magnitude along directions ranging from 0° to 180° (5° increments) in 279 the horizontal plane, without consideration for stiffness orientation. In these simulations, 280
there were no constraints on the amount of muscle activation (within the physiological 281 range), or other forces that needed to be compensated. Only the posture used for Simulation 282 Experiment 1 and 2 was considered. 283
284
Sensitivity analysis 285
Monte Carlo analyses were conducted to evaluate the sensitivity of the estimated endpoint 286 stiffness control range to parameters in our musculoskeletal model (Hughes and An 1997; 287
Santos and Valero-Cuevas 2006). Our previous work (Hu et al. 2011 ) showed that 288 model-based estimates of stiffness orientation were most sensitive to small changes in 289 muscle moment arms and joint angles. Hence, only these model parameters were 290 considered in the present study. We used Monte Carlo simulations to estimate the influence 291 of these model parameters on the achievable range of endpoint stiffness orientations.
parameter was randomly selected from a normal distribution with a mean defined by our 294 model, and a standard deviation derived from the plausible range over which these 295 parameters could be expected to vary across the population. The standard deviation of the 296 muscle moment arms was set to 20% of the nominal parameter values (Murray et al. 2002) . 297
The standard deviation for the joint angles was set to 4 degrees, the accuracy with which 298 angles can be measured with a manual goniometer (Fish and Wingate 1985; Grohmann 299 1983) . Sensitivity analyses were performed only for the first simulation experiment. Two 300 hundred simulations were performed for each of the conditions simulated in this experiment; 301 these conditions corresponded to the evaluated constraints on joint torque and muscle 302 activation. The results of each Monte Carlo simulation were summarized by the standard 303 deviation of achievable range of endpoint stiffness orientations. 304 the fixed arm posture used in our first two simulated experiments. In our least constrained 308 condition at this posture (i.e., no forces exerted on the environment, maximum activation 309 level is 100%, and muscles do not have to support the weight of the arm against gravity), 310 stiffness orientation could be varied over a range of 93°, from 49° to 142° (Fig. 2) . Relative 311 to the orientation of passive endpoint stiffness, varying muscle activation patterns could 312 alter the orientation of maximum stiffness predominantly in the clockwise direction (72°), 313 which has been shown to result largely from activation of the elbow muscles (Gomi and 314 Osu 1998; Perreault et al. 2002) . At the extreme clockwise orientation, endpoint stiffness 315 became nearly isotropic. 316
317
The range of achievable endpoint stiffness orientations was substantially reduced when 318 muscle activation was restricted to levels that could be sustained for significant periods of 319 time. There was a monotonic decrease in the achievable control range as the maximum 320 allowable muscle force was decreased (Fig. 3) . At 30% of maximum muscle force, a value 321 that typically can be sustained for at least 2 minutes (Avin et al. 2009), the orientation of 322 endpoint stiffness could be changed by 19° in the counterclockwise direction and 50° in the 323 clockwise direction, for a total range of 69°. At 10% maximum muscle force, this range 324 was reduced to only 52°. 325
326
Requiring the muscle activity to support the arm against gravity further reduced the control 327 range (Fig. 3) . This result occurred because the gravitational constraint limited the range of 328 muscle activations that could be used only to control endpoint stiffness orientation.
Specifically, requiring gravitational support limited the control range when muscle forces 330 were restricted to remain below 90% of the maximum activation. With the additional 331 restriction of supporting the arm against gravity, the control range was only 41° at 30% of 332 maximum muscle force. Achievable solutions were not obtained for values of muscle 333 activation less than 30%. It is notable that these most restrictive simulations approximate 334 those used in our previous experimental studies (Perreault et al. 2002) in which subjects 335 were required to support the arm against gravity, and in which each experimental trial 336 lasted for approximately 2 minutes or longer. In those experimental studies, the measured 337 control range across all subjects was 30±8° (Fig. 3) , similar but still smaller than the 338 comparable simulation results. The remaining differences may reflect neural constraints not 339 included in our model. 340
341
The model-based estimates of the control range of endpoint stiffness orientation were 342 robust to small changes of joint angles and muscle moment arms (Fig. 3, error bars) . When 343 both joint angles and muscle moment arms were varied simultaneously, the maximum 344 variation of the control range was 23°. This maximal variation was observed for the least 345 constrained simulations, during which muscle forces were allowed to vary over the entire 346 physiological range. At 30% of maximum muscle force, the sensitivity to these parameter 347 fluctuations reduced to 12° in the absence of gravity, and to 6° when gravitational 348 constraints were considered. The ability to control stiffness orientation changed dramatically when the model was also 353 required to exert steady state endpoint forces. In general, the range of stiffness orientationsdecreased with increasing volitional force (Fig. 4) The control of endpoint stiffness orientation was biomechanically constrained throughout 367 most of the reachable workspace. These constraints were most dramatic at distal arm 368 postures (Fig. 5A) . For more than 85% of the reachable area, the range of achievable 369 orientations was less than 60°. Changes in elbow angle had the most dramatic effect on the 370 controllability of stiffness orientation. When the elbow was flexed more than ~124°, full 371 control of stiffness orientation could be achieved. This high degree of elbow flexion 372 positioned the hand very close to the trunk, and could only be reached in a small portion of 373 the simulated workspace. In contrast to the elbow angle, changes in shoulder angle had only 374 a modest influence on the controllability of stiffness orientation. 375
376
The simplified musculoskeletal models had similar posture-dependent patterns of stiffness 377 orientation control as our more detailed model, but larger areas of the workspace in which 378 full control could be achieved. For the first simple simulation, equal moment arms wereassumed for all muscles. Under this assumption, full control of stiffness orientation could 380 be obtained for all tested elbow flexion angles greater than 100°; changes in shoulder angle 381 had no influence on the ability to control stiffness orientation (Fig. 5B) . Tee et al. (2003) 382 demonstrated the importance of the moment arm ratio between the muscle crossing the 383 elbow and shoulder, when considering the orientation of endpoint stiffness. To simulate 384 more realistic conditions than equal moment arms, we matched the moment arm ratio of the 385 shoulder and elbow muscles (details in Methods) to that in our more detailed model. Under 386 these conditions (Fig. 5C) , an even more restricted control of endpoint stiffness was 387 observed. 388
389
Simulation Experiment 4: Ability to maximize stiffness in a specific direction 390
Preferentially orienting the direction of maximum stiffness is not necessarily the most 391 effective way to increase endpoint stiffness in a particular direction during postural tasks. 392
This was assessed by maximizing the magnitude of endpoint stiffness in each direction 393 without regard to the orientation of the net stiffness ellipse. Using this approach, we found 394 a large variation in the maximum stiffness magnitude that could be achieved in any given 395 direction of interest (cf., Fig. 6A , magnitudes range from approximately 2500 to 8000 N/m). 396
For the specific direction in which the peak stiffness magnitude was achieved (cf., Fig. 6B , 397 peak stiffness is ~8000 N/m at ~110°), the orientation of the stiffness ellipse was aligned 398 with the direction of interest. That is, for a direction of 110°, the maximum stiffness 399 magnitude was achieved when the net endpoint stiffness ellipse was oriented in this same 400 direction.. This was not the case in most other directions (cf. (Fig. 6C) . 406 constrains the ability to regulate endpoint stiffness. Specifically, we examined variations in 410 the orientation of maximal stiffness that can be obtained using constant muscle activations, 411 as relevant to the feedforward regulation of arm posture. The control of endpoint stiffness 412 orientation was assessed using a previously validated 3D musculoskeletal model of the 413 human arm that incorporates scalable models of muscle short-range stiffness (Hu et al. 414 2011) . By using such a model, it was possible to assess the extent to which endpoint 415 stiffness could be controlled if there were no constraints on how the human nervous system 416 could independently activate the muscles of the arm. Our results demonstrated substantial 417 biomechanical constraints on the ability to regulate endpoint stiffness orientation 418 throughout the workspace, even when the arm was not required to generate any net torque 419 about the elbow and shoulder. The ability to regulate stiffness was further constrained by 420 additional task requirements such as the need to support the arm against gravity or exert 421 forces on the environment. Finally, we demonstrated that although preferentially orienting 422 the direction of maximum stiffness was not the most effective means for increasing 423 stiffness in a particular direction, the range of orientations of the stiffness ellipses that result 424 from simply maximizing stiffness magnitude in a specific direction fell well within the 425 controllable range we predicted. Together, these results bound the degree to which slow 426 feedforward motor commands can be used to regulate the orientation of maximum arm 427 stiffness, and provide a context for understanding the most effective means by which 428 stiffness can be increased in a specific direction and for identifying conditions in which 429 feedback control may be needed. Many of the postural studies require sustained muscle activity that is not a requirement in 474 the movement protocols, where transient activations are sufficient to achieve the task goals. 475
Hence, we expect that the constraints on stiffness control associated with restrictions on 476 activation level (see Fig. 3 ) would be lesser in movement tasks relative to postural tasks, 477 although the magnitude of the reduction in control range we observed when restricting 478 activation level suggests this factor is unlikely to account for all of the differences reported 479 in these studies (Darainy et al. 2007 ). In general, our simulation results illustrate that anyvoluntarily supporting the weight of the arm against gravity) or limit the maximum 482 activation that can be achieved are likely to reduce the ability to control stiffness 483 orientation. 484
485
Changing the orientation of maximum stiffness is not the only means by which endpoint 486 stiffness can be regulated to compensate for external perturbations of posture. We were able 487 to demonstrate that the maximum stiffness that can be achieved in any direction is often 488 obtained using co-contraction patterns that do not precisely orient the net endpoint stiffness 489 of the arm towards the direction of interest. These results are similar to results 490 demonstrating that force targets in a specific direction are often preferentially achieved by 491 generating a net force vector that is not co-aligned with the target ( In contrast to previous models of endpoint stiffness, the proposed model considers the 3D 549 geometry of the arm, and the full complement of muscles that can influence stiffness 550 control. This increased complexity has advantages and disadvantages. The obvious 551 disadvantage is the model complexity, both for simulation and for interpretation of results. 552
The advantages are related to a more accurate characterization of the musculoskeletal 553 mechanics, such as the moment arm ratios discussed above, and an understanding of how 554 those mechanics influence stiffness control. A more complex model with realistic muscle 555 properties and geometric characteristics also provides a tool for estimating critical 556 parameters that can then be incorporated into simpler models, as demonstrated in Fig. 5C . 557
Finally, the 3D characteristics of our model provide a means for assessing task-dependent 558 stiffness control in a manner that would be difficult when using simplified representations 559 of arm stiffness. Due to the complex geometry of the limb, muscles rarely act in exact 560 opposition. Hence, using co-contraction to stabilize a joint typically involves sets of 561 agonists and antagonists that cannot easily be represented in models that incorporate joints 562 with only a single degree of freedom or simplified moment arm representations. Rather, the 563 3D geometry of the arm is likely to enforce synergistic patterns of muscle activation 564 
